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ABSTRACT: The neutron logging method has been widely used for field measurement of soil moisture content. This non-destructive 
method permitted the measurement of in-situ soil moisture content at various depths without the need for burying any sensor. Twenty-three 
sites located around regional Melbourne have been selected for long term monitoring of soil moisture content using neutron probe. Soil 
samples collected during the installation are used for site characterisation and neutron probe calibration purposes. A linear relationship is 
obtained between the corrected neutron probe reading and moisture content for both the individual and combined data from seven sites. It is 
observed that the liner relationship, developed using combined data, can be used for all sites with an average accuracy of about 80%. 
Monitoring of the variation of soil moisture content with depth in six months for two sites is presented in this paper.  
 
 
1. INTRODUCTION 
The measurement of field soil moisture content can be performed 
through a range of methods, and most of them require soil sample to 
be collected from the site. When the soil sample is taken to the 
laboratory, the soil moisture content can be estimated with a high 
degree of precision and accuracy. However, it is not easy to ensure 
the collected samples are really representing the soil at the desired 
depth due to variability of soil and sampling procedures. The major 
disadvantage of the classical sampling methods (i.e. augering) is 
their destructive features, where the soil profile is severely damaged 
by every sampling event. Soil variability is another problem as 
collecting soil sample at the “same” depth for each sampling event 
requires another location to be sampled. Therefore, a soil moisture 
content measurement technique which is simple, reliable, cost-
effective and non-destructive is important for soil research work.  
The neutron probe technology has advantages over classical soil 
moisture measurement method because it is non-destructive, capable 
of frequent measurements and measurement for over large study 
areas. Since the Western and Northern regions of Melbourne has 
high content of reactive soil, it is necessary to understand the change 
of moisture content in these areas. Hence, the neutron logging 
method is used for the study of the soil moisture content change in 
regional Melbourne. It has been shown that the pipe buried in 
reactive soils has higher rate of failure due to the heaving of the soil 
or loss of support (i.e. shrinking of soil while the moisture content 
decreases), where the latter being the dominant mechanism. Either 
shrinking or swelling is occurred due to the moisture content 
changes heterogeneously along the soil profile. The aim of this work 
is to monitor the soil moisture content variation both spatially and 
temporally on monthly basis around Melbourne region using 
neutron probe. The measurements are made in the areas with high 
pipe failures history.  
 
2. SITE SELECTION CRITERION 
There are 23 sites selected for long term monitoring of soil moisture 
content. The main selection criterion of the monitoring site is to be 
effective, safe, convenient, and least complicated for drilling the 
boreholes and future measurement. All the selected sites are located 
in an area of high pipe failure rates history [1] [2] and hence within 
the relatively reactive soil region. The geological map of Melbourne 
[3] is used to select suburbs area constituting high reactive soil (i.e. 
Older Volcanics and Newer Volcanics formation) and a large 
number of potential sites are selected using drive-by and walking 
surveys around these suburbs area. 50 sites are selected during the 
initial surveys. 
The final selection of the sites is based on the field inspection, 
where the nature-strip of the site should be at least 2 m wide to 
allow for installation of aluminium tubes without damaging the 
existing utilities such as gas, power, telecommunications, storm 
water and sewer and provide sufficient area for the moisture content 
to be representative of an open ground. The ground surface at the 
site has to be relatively flat to avoid the effects of sloping ground 
and risk of potential flooding. The aluminium tubes are installed at 
locations away from trees or other large vegetation which may affect 
the soil moisture content. According to the Australian Standard of 
residential slab and footing design [4], the change of suction depth 
in Melbourne area is approximately 1.5 m to 2.3 m, and from 
pervious field instrumentation [5][6] soil moisture content values are 
relatively constant at the depth of 1.7 to 2. Hence, the aluminium 
tubes installed at the sites are 1.5m long, which allow measurement 
of moisture content up to that depth, but for some sites with shallow 
bed rock the measurement can only go up to 1 m. Eventually the 
aluminium tubes were installed in 23 sites that satisfied all or most 
of the above criterion. Fig. 1 shows the location of all 23 monitoring 
sites.  
 
Figure 1 Location of the monitoring sites in Melbourne 
 
2. SPECIFIFCATION OF NEUTRON PROBE 
The neutron probe used in this study is the 503DR Hydroprobe from 
CPN (Fig. 2). The neutron probe consist the housing unit and the 
probe, the neutron source is located at the bottom part of the probe 
and the detector is on top part of the probe. The probe is connected 
to the housing unit by a cable and it is stored inside the unit when 
not in use. The neutron probe is operated by emitting radiation from 
an encapsulated radioactive source, Americium-241:Beryllium. The 
neutrons will collide with hydrogen atoms in the soil water and the 
moderated neutrons are detected by the Helium-3 detector. A longer 
count time during measurement can provide more precise 
measurement but it also means that lesser measurement can be made 
in a day. Hence a standard count time of 16 seconds is used for the 
measurement in this work which is the minimum time to provide 
sufficient precision on the results. 
 
Figure 2 503DR Neutron probe 
 
4. SOIL CLASSIFICATION TEST  
Soil samples are collected from the monitoring sites and transported 
to the laboratory with sealed plastic bags and stored in a room with 
constant temperature until considered for testing. The soil tests were 
performed in accordance with the relevant Australian Standards, and 
the representative results from two sites (Altona North and 
Fawkner) are presented in this paper. 
The particle sizes distribution is obtained by the wet sieving 
method with hydrometer in accordance with Australian Standard 
[7]. Fig 3 and 4 show the plot of results for Altona North and 
Fawkner. The results showed that soil sample collected from both 
sites have high content of silts and clays. Generally, the geology of 
Northern and Western side of Melbourne has higher silts and clays 
content, while sands and gravels can be found over Southern region. 
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Figure 3 Particle size distribution plot of Altona North 
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Figure 4 Particle size distribution plot of Fawkner 
 
The Atterberg limit tests are carried out according to the 
Australian Standards [8][9][10]. The properties of soil obtained 
from the Atterberg limit test are summarised at Table 1. Both 
samples are classified as Inorganic clays of high plasticity (CH) with 
high plasticity index and linear shrinkage. These results suggested 
that the soils at the two representative sites are highly reactive and 
very sensitive to change in moisture content. The change in moisture 
content of soil at various depths highly depends on the climate and 
the permeability of the soil, as these factors will affect the time 
required for moisture to infiltrate the soil after rainfall. It is expected 
that the two representative sites and other monitoring sites located at 
Western side of Melbourne will have lesser change of moisture 
content at greater depth (e.g. over 1 m) due to high content of clay, 
while moisture content will fluctuate with rainfall in the sandy soil 
on the Southern side of Melbourne.   
 
Table 1 Summary of soil classification test results 
Site 1 Altona North Site 2 Fawkner
Plastic limit 28.9 Plastic limit 17.5
Liquid limit 99.4 Liquid limit 60.3
Plasticity index 70.5 Plasticity index 42.8
Linear shrinkage 21.2% Linear shrinkage 18.1%
Soil group CH Soil group CH
 
 
4. FIELD INSTALLATION AND MEASUREMENT 
The measurement of moisture content using neutron probe requires 
an access tube to be installed at the site. In this study, aluminium 
tube is used and selected based on the following factors such as cost 
effective, measurements up to moderate depth (1 to 1.5 m), and 
transparent to thermal neutrons. The access tubes used have outer 
diameter of 50 mm and inner diameter of 46.8 mm, closed at the 
bottom by a tapered plug of the same material. Hand soil auger is 
used to prepare the hole for access tube in this work. The access 
tube was terminated about 10 mm below ground level to allow for 
grass mowing or other operation with machinery. A rubber bung is 
used to close the top of the tube and a steel box is buried over the 
tube to prevent falling of water, surface soil and vegetation around 
the access tube.  
 
5. CALIBRATION OF NEUTRON PROBE 
The accuracy of the moisture content estimation by the neutron 
scattering method is entirely dependent on the development of a 
reliable calibration curve to relate neutron count rates to moisture 
contents [11][12]. Calibration of a neutron probe involves 
correlating neutron counts, cpm (counts per minute) with known 
volumetric moisture contents of the soil. Field calibrations are 
accomplished by correlating the probe readings in an access tube 
installed in the field, with the estimated volumetric moisture 
contents of the soil along the tube. In this study, the field calibration 
is done by measurements of cpm being made with the probe directly 
into a field via the access tubes and soil samples collected 
immediately at the same depths around the access tube to measure 
volumetric moisture content. Seven monitoring sites are selected for 
the field calibration of the neutron probe. A total of 62 disturbed 
samples of soil are collected from the sites at different depth. The 
gravimetric moisture content is determined by the oven drying 
method [13]. Corresponding neutron probe readings, n at 16 
seconds counts, are measured at the same time when collecting the 
soil samples. The bulk density at each level of depth of the neutron 
probe readings is measured in the laboratory. The volumetric 
moisture content, θ  of each sample is calculated. The calibration is 
made from pairs of data ( n  and θ ). First, in order to avoid 
electronic drifts, temperature and other effects on the electronics of 
the neutron probe, it is not advised to use count rate obtained in soil 
directly, but use the count ratio, CRn  defined by Eq. (2) as 
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where C  is number of counts measured in the soil during a period 
of time T  (min), 
sC  number of counts measured in a standard 
material during a period of time 
sT  (min), n the count rate in the 
soil and 
sn the count rate in the standard material. The bulk density 
correction of the count ratio and moisture content data is carried out 
with and without the square root correction as proposed by Greacen 
and Schrale [14]. The corrected count ratio, CCRn ,  and moisture 
contents, Cθ are determined by Eq. (3) and Eq. (4), respectively, 
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where biρ is bulk density of a given depth and bρ is the average 
bulk density of the profile. A least-squares linear regression of 
moisture contents on count ratios is developed using the corrected 
data. The calibration equation is defined as Eq. (5), 
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where 
C
θ is corrected volumetric moisture content, a is the 
interception point and b is gradient of the calibration slope. The 
linear regression line was fitted for the seven sites using the 
corrected count ratio and moisture content. Table 2 summarised the 
properties of the fitted linear line of seven sites (i.e. interception 
point, slope gradient, and error). 
 
Table 2 Summary of Regression Analysis Results and Local Error 
Estimates 
Site 
No. 1 2 3 4 5 6 7 
No. of 
data  9 9 9 9 8 9 9 
R2 0.96 0.85 0.05 0.95 0.88 0.58 0.71 
a -0.05 -0.59 0.26 -0.16 -0.09 0.00 -0.06 
b 0.26 0.60 0.11 0.43 0.37 0.30 0.38 
 
It is clear that the data collected from Site 3 shows lack of 
regression significance. It may be suspected that the uncertain 
sampling protocol, and the highly stratified soil profile resulted in 
the poor correlation between CCRn ,  and Cθ . The obviously 
erroneous data are removed and rest of the six sites data were 
combined together to get a single calibration curve for all the sites. 
The residuals (i.e. the difference between the regression equation 
and measured values of moisture content) are plotted as a function 
of the count ratio to determine whether the data is (1) homoscedastic 
such that the regression can be applied; and (2) if suspected outlier 
data from the actual data with the regression equation yielded 
residuals greater than two standard deviation away from zero. Two 
more data points, which yielded the residuals greater than two 
standard deviation away from zero, are removed. After adjusting the 
data sets as described, a final least-squares regression is contacted 
and the residuals are checked for homoscedasticity compliance 
again. In the end, 37 out of 51 data points lied between one standard 
deviation from the regression line (i.e. more than 68% of the data lie 
between one standard deviation), hence the data are approximately 
normally distributed about the regression line. Fig. 5 shows the 
cleared data and the regression line (51 data points in total).  
 
Figure 5 Cleared data points together with linear regression line 
 
The general calibration equation to determine the field volumetric 
moisture content, θ  and the measured neutron count ratio, 
CR
n  can 
be written as: 
050.0318.0 −=
CR
nθ                                                           (6) 
The intercept of the Eq. (6) varies from soil to soil and from probe 
to probe. It has not to be zero or close to zero, since it is an 
extrapolated value, out of the calibration range. Although there is no 
strong theoretical meaning given to the intercept, it is nevertheless 
related to the residual hydrogen content of the soil (Reichardt, 
2007). 
 
An independent check has been done for the calibrated equation 
using the data collected from Fawkner site. Table 3 gives the 
comparison and error between the measured and calculated moisture 
content. It can be seen that the maximum possible error using a 
single equation for the sites is around ±37%, and the average error is 
approximately 16%. 
 
Table 3 Error Analysis of Moisture Content 
Depth 
(mm) n Measured θ  Calculated θ  Error (%) 
150 6972 0.153 0.172 12.42 
250 9222 0.177 0.243 37.38 
350 10114 0.214 0.272 26.68 
450 10736 0.272 0.291 7.08 
550 11186 0.290 0.306 5.49 
800 10741 0.363 0.292 19.74 
1000 10576 0.332 0.286 13.76 
1200 11355 0.329 0.311 5.57 
1400 10779 0.359 0.293 18.41 
 
6. FIELD DATA AND DISCUSSION 
The single calibration equation in Eq. (6) is used to correct the 
moisture content data collected from the field. Fig. 6 and 7 show the 
plot of soil moisture content with depth at the two representative 
sites in February (installation of the Aluminium tube) and from June 
to September 2009. The rainfall data of the corresponding period 
has also been plotted to provide a clear view on the effect of climate 
changes on the moisture content variation with depth. Soil 
classification of both sites shows high content of silts and clays 
suggesting that the permeability of the soil will be relatively low 
(i.e. 1 x 10-9 for typical clay soils), and it will require considerable 
period of time for the rain water to penetrate greater depth of the 
soil. As shown in both Figures, soil moisture content is relatively 
constant at below the depth of 800 mm or up to 1400 mm.  
Generally, the change of moisture content is directly related to 
rainfall, especially at shallow depth (i.e. 150 to 450mm). Since the 
variation in soil moisture content is related to rainfall, as the climate 
approaching summer at January and February lower moisture 
content can be observed at both sites, especially at shallow depths, 
which are directly affected by rainfall and evaporation. Increase of 
soil moisture content can be observed during the winter from May to 
July, then a drop of moisture at mid September due to the short 
drying period. The different patterns of moisture content change 
with depth are also due to the change of soil profile at the sites. 
Since the field instrumentation at Altona North has been completed 
for 2 years [3], the site is now fully reinstated and covered by 
vegetation. Therefore, the soil moisture content at this site is 
gradually increasing with depth with no significant average 
fluctuation of moisture content near the surface. At Fawkner, 
however, the vegetation has not been fully re-grown and the cracks 
on shallow depth of clay soils appear to allow the rain water 
infiltrate to greater depth. When the top soil is then dried up by 
evaporation, a layer of soil with higher moisture content will occur 
at certain depth (i.e. 250 to 450 mm), as shown in Fig. 7. A long 
term monitoring of soil moisture from these sites can provide more 
information to study the relationship between rainfall and soil 
moisture change with depth. 
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Figure 6 Change of soil moisture content at Altona North 
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Figure 7 Change of soil moisture content at Fawkner 
 
 
 
7. CONCLUSION 
This paper presented a study of soil moisture content measurement 
with a neutron probe at the field. The specifications of neutron probe 
and selection criteria of monitoring sites are descried. A linear 
relationship is obtained between the corrected neutron probe reading 
and moisture content for both the individual and combined site data. 
The linear relationship developed using combined data can be used 
to calculate the soil moisture content with about 80% accuracy. The 
corrected field data from two sites show reliable results of soil 
moisture change with climate for selected sites. Long term 
monitoring of all 23 sites within regional Melbourne area will be 
continued for three years. 
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